In this study, the importance of charge interactions during flocculation of Fe 3þ in the presence of particles and anions/cations at various pH values was investigated. SiO 2, (s) and ZnO (s) were dosed as particles to promote charge interactions and/or serve as a nucleus to accelerate floc formation. In the pH range 6-9, SiO 2, (s) is negatively charged, while ZnO (s) carries a positive charge. Ca 2þ and HPO 4 2À were selected to investigate charge interactions in the water phase. A significant delay in floc growth due to charge repulsion between negatively charged iron species was observed at pH ini 9. For positively charged species at pH ini 6, a delay in floc growth was observed as well, but to a lesser degree. These effects could be neutralized by either dosing (positively charged) ZnO (s) or Ca 2þ at pH ini 9, or (negatively charged) SiO 2, (s) at pH ini 6. The addition of phosphate did not hinder floc growth at pH ini 6. While phosphate completely inhibited floc growth at pH ini 7-9 in the presence of negatively charged SiO 2, (s) , the presence of positively charged ZnO (s) partly neutralized the detrimental influence of phosphate on floc growth. Similarly, dosing Ca 2þ partly neutralized the effect of phosphate.
INTRODUCTION
Iron chemistry is an important aspect of water treatment, where it is either added to promote removal of organic matter, heavy metals and colloidal material, or where removal of iron itself is the main goal. In the pH range 6-8, which is typical for groundwater, iron is mainly present as Fe 2þ (Jolivet et al.  Particle size distribution of SiO 2 and ZnO
The particle volume distribution of ZnO and ground SiO 2
were measured with a Mastersizer 2000 (Malvern), coupled with a hydro 2000MU wet sample dispersion unit. This dispersion was obtained by mechanical mixing, no additional dispersants were added.
The particle volume distribution of SiO 2 and ZnO can be found in the supporting information (S2, available with the online version of this paper). Particle counts and surface area were calculated from this data by assuming spherical particles. A fixed amount of particle surface of 0.15 m 2 /l was dosed for either SiO 2 or ZnO.
Zeta potential
Zeta potential was measured with Zetacompact (CAD instruments), using 8.54 V/cm direct current, under the conditions (pH, conductivity) relevant in our experiments.
These measurements confirmed the negative zeta potential of SiO 2 (supporting information S3, available online).
ZnO, on the other hand, showed a positive zeta potential in MilliQ water, but a negative surface potential in the pres- 
Jar tests
Jar tests were executed on a JLT6 flocculation tester (Velp Scientifica), using 1 L of solution in baffled 2 L jars. In all cases, mixing was at a constant 120 rpm, and experiments were carried out at room temperature (around 18 C). pH values were adjusted to 6, 7, 8 or 9, and either 0.33 g/l SiO 2 or 0.35 g/l ZnO or no particles were dosed. ZnO powder dispersed poorly, and dispersion was aided by using a Turrax mixer (T45N, IKA Werk) at 47.5% capacity for 5 seconds.
When SiO 2 or ZnO particles were added, a sample was taken before iron addition, and the particle size distribution was analysed with a particle counter (HIAC Royco model 9703, Pacific Scientific), where the measuring principle is based on laser obscuration. Here, 5 ml of solution was scooped from the jar and diluted in 100 ml demineralized water. This dilution may have led to floc destabilisation due to the decrease in ionic strength. The mixing rate of the particle counter sample was set to approximate the mixing rate used in the jars, and the mixing duration was kept to a minimum in an attempt to minimize floc breakage or further flocculation during analysis. Abstractions of 10 ml were done twice and were analysed by the particle counter. The results of these consecutive analyses were close, with a standard deviation less than 1% for the total amount of particles and the calculated particle volume. This indicates that further particle breakage or flocculation during analysis was limited.
Every sample measurement was followed by a rinsing This is no absolute definition, since solid iron particles can be formed that are smaller than 0.45 μm.
When no particles were added, the formed iron flocs could not be readily detected by the particle counter, as the measured particle counts were much lower. In these experiments, samples were filtered over a series of syringe filters (0.2/0.45/0.8 μm (nylon); 10/20 μm (polypropylene), mdi membrane technologies) and the remaining iron concentration was determined after 1, 3, 15 and 30 minutes.
The pH values were only initially corrected to pH 6, 7, 8 or 9 before iron dosing, and not adjusted afterwards.
These values are referred to as 'pH ini ' in this manuscript.
Typical pH variation during the experiments is shown in supporting information S4 (available online).
RESULTS AND DISCUSSION

No addition of particles
The size of iron oxide flocs when no particles were added was indirectly determined by filtering the sample from the jar test over a series of syringe filters in the range of 0.2-20 μm, and measuring the iron concentration in the filtrate.
A decrease in iron concentrations in the filtrate indicates that iron flocs have grown to a diameter that is larger than the syringe pore size. At both extremes of the pH range, pH ini 6 and 9, floc growth was delayed. At pH ini 9, the initial floc growth in 0-15 minutes was delayed, while at pH ini 6, the initial floc growth seems relatively comparable to pH ini 7 and 8, but was delayed after 3 minutes. Pham et al. () found asymmetry in ferric iron flocculation rates at pH 6 and 9 as well, and proposes different responsible mechanisms; at pH 6, the rate of H 2 O-OH À exchange is mainly responsible for delayed floc growth, while charge repulsion between negatively charged Fe(OH) 4 À hydrolysis products delays floc growth at pH 9 (Pham et al. ).
Addition of SiO 2 and ZnO particles
When particles were added, floc growth was followed by measuring the particle size distribution. To compare the floc growth in the presence and absence of particles, the volume increase of flocs >20 μm is presented. This can be compared with the removed Fe fraction by the 20 μm syringe filter in the experiments without particles (Figure 1 , inverse trend). In addition, the amount of Fe that is removed after filtration over a 0.45 μm syringe filter was determined.
These results can be found in supporting information S6-8 (available online) and typically match with the trends that are found with the particle counter.
Floc growth after adding 2 mg/l Fe 3þ and addition of SiO 2 or ZnO at pH ini 6-9 is presented in Figure 2 . The results of baseline experiments, where particle agglomera- Expected charge interactions between particles and iron species are summarized in Table 1 , based on the premise of electrostatic attraction between unlike charges, and -repulsion between like charges.
Due to its negative surface charge, SiO 2 should promote floc growth at pH ini 6, and delay it at pH ini 9, while For ZnO, the opposite effect is expected. Charge attraction for SiO 2 at pH ini 6, and ZnO at pH ini 9 seemed to indeed occur; for SiO 2 , the highest floc volume was found at pH ini 6, while the experiments where no particles were added indicate a delay in floc growth at this pH value. At pH ini 9, floc growth was excellent for ZnO, with both rapid floc volume increase (Figure 2 , right) and virtually complete Fe removal after and is able to replace the HCO 3 À which is suggested to be present at the ZnO surface, as discussed in the 'Zeta potential' section.
Charge repulsion was less obvious. At pH ini 9, floc growth was clearly delayed at SiO 2 , although the effect of charge repulsion by the SiO 2 surface cannot be separated from the charge repulsion between negatively charged iron species in the water phase. For ZnO, the lowest volume increase after 15-30 minutes is found at pH ini 6. The initial floc growth at pH ini 6 during 1-3 minutes does not seem to be delayed at all, but the resulting floc was fragile and was breaking up due to shear forces created by mixing at 120 rpm.
Addition of SiO 2 , ZnO -influence of Ca 2þ and HPO 4
2À
The experimental results when Ca 2þ or HPO 4 2À were dosed in the presence of ZnO and SiO 2 are shown in Figure 3 .
Floc growth in the presence of Ca 2þ and SiO 2 was rapid at all initial pH values (Figure 3, left) . The delay which was observed at pH ini 9 in the absence of Ca 2þ (Figure 2) (ii) phosphate is mostly present in its monovalent form, H 2 PO 4 À , at pH 6, rather than its divalent form, HPO 4 2À , at pH 7-9. Formation of (strongly) negatively charged Fe-P species is less likely at pH ini 6.
For ZnO, Ca 2þ was expected to have no (charge-related)
influence at pH ini 6 (Table 2) , and the floc volume increase was indeed roughly similar to ZnO in the absence of Ca 2þ .
At increasing pH values, the floc volume after 30 minutes became gradually less (Figure 3, A significant delay in floc growth due to charge repulsion between negatively charged iron species was observed at pH ini 9 when only Fe 3þ was dosed. For positively charged species at pH ini 6, a delay in floc growth was observed as well, but to a lesser degree. These effects could be neutralized by either dosing (positively charged) ZnO (s) 
